Misdirection of axons after nerve injury impairs successful regeneration of adult neurons. Investigations of axon guidance in development have provided an understanding of pathfinding, but their relevance to regenerating adult axons is unclear. We investigated adult mammalian axon guidance during regeneration after peripheral nerve injury and focused on the effects of the prototypic guidance molecule nerve growth factor (NGF). Adult rat sensory neurons from dorsal root ganglia that expressed the NGF receptor tropomyosinrelated kinase A (trkA) were presented with a point source of NGF in vitro. Naive trkA neurons had no net turning response to NGF, but if they had been preconditioned by a peripheral nerve transection in vivo before culturing, their growth cones were attracted toward the NGF gradient. A laminin substrate was required for this behavior and an anti-trkA antibody interrupted turning. These data demonstrate that injured adult mammalian axons can be guided as they regenerate. Moreover, despite the downregulation of trkA mRNA and protein levels within the dorsal root ganglion after injury, sensory neurons retain and increase trkA protein at the injury site where the regenerating axons are found. This may enhance the axonal response to NGF and allow guidance along an NGF gradient created in vivo in the distal nerve stump.
INTRODUCTION
After injury, the peripheral nervous system attempts to repair itself by recapitulating aspects of the developmental state, including reforming growth cones, to find distal targets. Regenerating growth cones may encounter physical barriers such as glial or inflammatory cells within the injury site and molecular barriers such as extracellular matrix chondroitin sulfate proteoglycans that activate RhoA guanosine triphosphatases (RhoA GTPases), resulting in growth cone collapse (1, 2) ; inflammatory factors such as nitric oxide may also impede axon growth (3) . In an attempt to avoid these barriers, regenerating axons can be misdirected and thus fail to make connections with appropriate target tissues (4, 5) . Improved regeneration might ensue if guidance can be provided to axons that would direct their trajectories in an appropriate manner.
During development, axonal growth cones navigate a complex environment consisting of substrate-bound and diffusible attractive and repulsive guidance molecules. The direction of the growth cone depends on the location of the ligand, the expressed receptors, surrounding environment, and the internal state of the growth cone (6Y8), all of which may change at different points along the path. Because the growth cone is reformed after a peripheral nerve injury, we postulated that adult neurons can emulate their developmental state and be guided once again.
Dorsal root ganglion (DRG) neurons are sensory neurons that project 2 axons: 1 into the periphery to innervate sensory end organs and an axon into the central nervous system (CNS). These neurons are specialized for different types of sensations from the periphery. One way they can be classified is by their expression of the neurotrophin tropomyosin-related kinase (trk) receptors that preferentially bind select neurotrophins. Tropomyosin-related kinase A serves as the high-affinity receptor for nerve growth factor (NGF) in a primarily nociceptive subpopulation of sensory neurons (9, 10) . Schwann cells do not express detectable levels of trkA (11) .
The objective of this study was to determine whether adult injured mammalian DRG neurons can be influenced by guidance factors as they regenerate. Because NGF acts as a guidance cue for embryonic mammalian DRG neurons (10Y14) and in the adult as a target-derived maintenance factor (15Y17), we selected it as a prototype to examine guidance of regenerating adult DRG neurons. To address this, we used the in vitro growth cone turning assay, an approach previously used to study developmental axon guidance.
Our results highlight several novel and important findings: i) regenerating adult mammalian DRG neurons can be influenced by guidance factors; ii) after a 3-day preconditioning nerve injury that promotes rapid neurite extension when these neurons are placed in vitro, individual trkA-expressing growth cones grown on a laminin substrate are attracted toward NGF; and iii) although there is a decrease in overall trkA mRNA and protein levels in the perikarya of trkA-expressing DRG neurons 3 days after a preconditioning lesion, there is an increase in trkA levels at the in vivo regenerating nerve tip where the influence of guidance factors is most relevant.
MATERIALS AND METHODS

Animals and Preconditioning Lesion Experiments
Adult male Sprague-Dawley rats (Charles River Laboratories, Quebec, Canada) with an initial weight of 200 to 275 g were housed in plastic cages with a normal light/dark cycle and free access to rat chow and water. All protocols were reviewed and approved by the University of Calgary Animal Care Committee using the Canadian Council of Animal Care guidelines. Experiments were designed to minimize the number of animals required and to minimize animal suffering as per the Canadian Council on Animal Care. Rats were anesthetized with halothane (Halocarbon Laboratories, River Edge, NJ), and an injection of 0.01 mg/kg buprenorphine was given as an analgesic. Under sterile conditions, the left sciatic nerve was cut at the midthigh level, the skin wound was sutured with 3-0 silk suture (Ethicon, Inc., Irvine, CA) and the rats were caged individually for 3 days. For sham injury, the left-side skin was cut at the midthigh level, and the muscle was displaced to expose the sciatic nerve, but the nerve was not transected. There was no surgery for uninjured age-matched control rats. Buprenorphine was given on days 1 and 2 after the injury.
Adult Sensory Neuron Cultures
Before tissue harvesting, the rats were anesthetized using halothane and then killed. Dorsal root ganglion neurons were dissociated and maintained in vitro using a modification from the method of Lindsay (18) . Briefly, L4-L6 DRGs were removed from the rats and placed into L15 medium (Invitrogen, Burlington, Canada), where the axon roots and dural tissue were manually removed. The DRG were rinsed 3 times in L15 medium and then transferred to a tube containing 2 mL of 0.1% collagenase (Invitrogen) in L15 medium. After a 90-minute incubation at 37-C, the DRG were placed into single-cell suspension by triturating 10 to 15 times every 7 minutes through three 1-mL pipette tips and then three 200-KL pipette tips. The single-cell suspension was spun for 5 minutes at 800 rpm at 4 to 8-C, and the cell pellet was washed 3 times in 2 ml L15. After the final 5-minute 800-rpm spin, the cells were resuspended in L15 medium and passed through a 70-Km mesh (VWR International Co., Mississauga, Canada) to isolate the neuron-glial cell population from myelin and tissue debris and then placed in 500 KL L15 medium enriched with 1:100 dilution of N 2 supplement (Invitrogen) and 0.1% bovine serum albumin (BSA; Sigma Aldrich, Oakville, Canada). The cells were spun for 5 minutes at 800 rpm, the supernatant was decanted, and the cells were either placed into a culture medium of Dulbecco's Modified Eagle's Medium/F12 (Invitrogen) with 1:100 dilution N 2 supplement, 0.5% to 0.8% BSA, 0.4 ng/mL NGF (Cedarlane Laboratories, Ltd., Hornby, Canada), and 50 U/mL penicillin, 50 U/mL streptomycin (Invitrogen), and plated onto poly-L-lysine (Sigma Aldrich) and 10 Kg/mL mouse laminin (Invitrogen)-coated plates, or the trkAexpressing cells were isolated by Dynalbeads selection (see succeeding sentences). The medium was changed at 1 day in vitro (DIV) with 0.2 ng/mL NGF. For neuron-purified cultures, the protocol is the same as above, but instead of pushing the cell suspension through the mesh, the cells were placed onto a 15% BSA-L15 gradient. After centrifugation at 600 rpm, the neurons pelleted, whereas the nonneuronal cells remained at the top of the BSA suspension. The neurons were rinsed 3 times in L15 and finally placed into Trizol for RNA extraction and polymerase chain reaction (PCR).
trkA-Bound Dynalbead Production
To prepare the Dynal magnetic beads, the following procedure was modified from Dynal Biotech (Invitrogen). Briefly, for each isolation, 25 KL of beads was transferred to a 2-mL tube, and after the tubes were placed in the Dynal magnetic particle concentrator (MPC) magnet, their buffer was removed (the beads were never allowed to dry out). The beads were washed once with 1 mL 0.1% BSA in Dulbecco PBS (Invitrogen) and then resuspended in 100 KL 0.1% BSA in PBS. To link the trkA antibody with the magnetic beads, 0.5 Kg of the mouse anti-trkA antibody (Cedarlane Laboratories) was added, and the tubes were incubated at room temperature for 60 minutes with gentle rotation. After incubation, the tubes were placed in the Dynal MPC for 1 minute, the buffer was removed, and the beads were washed 3 times with 1 mL 0.1% BSA in PBS. Finally, the trkA-bound magnetic beads were resuspended in 100 KL 0.1% BSA in PBS and stored at 4-C for up to 1 month.
Dynalbead Direct Isolation
The precoated beads were washed with 0.1% BSA in 1 mL PBS, the buffer was removed after the tubes were placed in the magnet for 1 minute, and 0.5 mL of DRG neurons suspended in 1:100 dilution of N 2 supplement and 0.1% BSA in L15 medium was added to each tube. To promote trkA receptor-trkA antibody interaction, the cells were incubated at room temperature for 60 minutes with gentle tilting every 3 to 5 minutes. To isolate the trkAexpressing DRG neurons, the tubes were then placed in the Dynal MPC for 2 minutes, and the cells were washed 3 times in 1 mL 0.1% BSA in L15 medium (the neurons not expressing trkA did not bind to the beads or subsequently to the magnet and were thus removed). The isolated DRG neurons were resuspended in 200 KL of L15 medium containing a 1:100 dilution of N 2 supplement and 0.1% BSA, and 4 KL DNAse releasing buffer was added to cleave the DNA linker of the magnetic bead and thus isolate the DRG neuron, which was still bound to the mouse trkA antibody. To encourage the breaking of the interaction between the magnetic beads and the DRG neuron/trkA antibody complex, the cells were placed at room temperature for 15 minutes with gentle tilting every 2 to 3 minutes, then gently triturated through a 200-KL pipette tip 15 times, and finally, the tube was placed in the Dynal MPC for 2 minutes. The supernatant (containing the trkA-expressing DRG neurons still bound to the trkA antibody) was plated onto acid-washed coverslips coated with poly-L-lysine (with or without 10 Kg/ mL laminin), and after a 10-minute incubation to promote cell seeding, 2 mL of growth medium (Dulbecco's Modified Eagle's Medium/F12 supplemented with 1:100 dilution of N 2 supplement, 0.5%Y0.8% BSA, 0.4 ng/mL NGF, 50 U/mL penicillin, 50 U/mL streptomycin) was added to the dish. The medium was replaced with 0.2 ng/mL NGF at 1 DIV.
Immunocytochemistry
After 16 to 20 hours in culture, the DRG neurons were fixed for 30 minutes with 4% paraformaldehyde and then rinsed 5 times for 5 minutes each with PBS. The cells were permeabilized for 10 minutes in 0.1% Triton X-100 (Sigma Aldrich) and rinsed twice for 5 minutes in PBS and then blocked for 30 minutes in PBS with 5% fetal bovine serum and 0.1% BSA. To label the mouse trkA antibody (used for trkA DRG cell isolation) that might still be bound to the trkA receptor on the DRG neurons, the cultures were incubated for 30 minutes with CY3 sheep anti-mouse secondary antibody (Sigma Aldrich). Subsequently, the unbound trkA receptor was labeled for 1 hour with a rabbit polyclonal anti-trkA receptor antibody (kindly provided by Dr. L. Reichardt, University of California, San Francisco, CA), and this interaction was visualized after a 30-minute incubation with Alexafluor 488 goat anti-rabbit secondary antibody (Fisher Scientific, Ottawa, Canada). The coverslips were plated onto glass slides, and immunofluorescence was preserved with Polyaquamount mounting medium (Polysciences, Inc., Warrington, PA). For tissue sections, harvested L4/L5 DRGs and sciatic nerve (uninjured nerve or injured nerves proximal and distal to transection) were placed in modified Zamboni fixative (2% paraformaldehyde, 0.5% picric acid, and 0.1% phosphate buffer) overnight at 4-C. The samples were then rinsed in PBS 3 times and suspended in PBSY20% sucrose solution overnight (4-C). The samples were aligned into holders and frozen in optimum cutting temperature (Miles, Inc., Elkhart, IN) solution. Cryostat sections of 14 Km were cut and placed on slides that were frozen at j80-C. For antibody staining, the slides were thawed at room temperature and rinsed in PBS. The tissue was permeabilized for 15 minutes in 0.1% Triton X-100 in PBS. The slides were probed for rabbit anti-trkA antibody (1:1000) and mouse anti-AIII tubulin (Sigma Aldrich; 1:200) for 48 hours then rinsed 3 times in PBS. Secondary antibodies (CY3 sheep anti-mouse secondary antibody [1:500]; Alexafluor 488 goat anti-rabbit secondary antibody [1:500]) were applied for 1 hour then rinsed 3 times and mounted with Polyaquamount mounting medium. All samples were imaged with black-and-white imaging using a Zeiss Axioscope with digital camera and Axiovision imaging software (Zeiss Axioskope, Axiovision, and Axiocam; Zeiss Canada, Toronto, Canada). The green and red pseudocolors were added by Adobe Photoshop (San Jose, CA) software.
Western Immunoblots
Before protein extraction, DRGs were put into singlecell suspension and partially purified (see preceding sentences). Approximately 1 cm of uninjured nerve and 0.5 cm of 3-day injured proximal and distal segments of sciatic nerve were fresh-frozen in liquid nitrogen. Both DRG and sciatic nerves were placed into a lysis/RIPA buffer ( Primary antibodies to trkA (1:25000; anti-rabbit) were added with an anti-actin antibody (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) as a loading control overnight at 4-C. After 3 rinses for 10 minutes each in 12.1 mmol/L Tris, 81.9 mmol/L NaCl, 0.1% (vol/vol) Tween-20 (VWR International Co.), both secondary antibodies, antirabbit immunoglobulin G horseradish peroxidase, and antimouse immunoglobulin G horseradish peroxidase (Santa Cruz Biotechnology, Inc.) were incubated with the immunoblot at 1:50000 dilution for 1.5 hours at room temperature. After three 12.1-mmol/L Tris, 81.9-mmol/L NaCl, 0.1% (vol/vol) Tween-20 (VWR International Co.) rinses, signal detection was performed by exposing of the blot to enhanced chemiluminescent reagents (Lumi-Light Plus; Roche Diagnostics) for 4 minutes. The blots were subsequently exposed on Hyperfilm (Amersham Biosciences UK, Ltd., Buckinghamshire, UK) to capture the images of the bands.
Quantitative Reverse-Transcription-PCR
Total RNA was extracted from tissues using Trizol reagent as per the manufacturer instructions (Invitrogen).
Total RNA (1 Kg) was treated with DNAse (Promega, Madison, WI) and processed to cDNA synthesis using the SuperScript II reverse transcriptase (Invitrogen). All PCR primers were designed using software Primer Express 2.0 (Applied Biosystems, Foster City, CA). Primer sequences were as follows: trkA F5 ¶-ATCCAGATGCCCAATGACTCTG-3 ¶; trkA R5 ¶-TCTGTGAGGATCCAGTCAGCCT-3 ¶; 18S F 5 ¶-TCCCTAGTGATCCCCGAGAAGT-3 ¶; 18S R 5 ¶-CCCTTAATGGCAGTGATAGCGA-3 ¶. Tropomyosin-related kinase A or 18S products were labeled using SybrGreen dye (Invitrogen). All reactions were performed in duplicate in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems) and analyzed using the 2$$ cycle threshold method as previously described (19) . Results are presented as the relative trkA mRNA expression subtracted from the relative 18S mRNA in each sample.
Growth Cone Turning Assay
This procedure was modified for adult mammalian DRG neurons from previous embryonic neuron cultures in Xenopus laevis (20, 21) . Briefly, a stable microscopic gradient of mouse submandibular gland 2.5S NGF (Cedarlane Laboratories) gradient was created and maintained using a Picospritzer II (Parker Hannafin, Fairfield, NJ) ejecting 0.1 mg/mL NGF in PBS at a pressure of 3 psi, frequency of 2 Hz, for 20 milliseconds using a pulse generator (SD9; Grass Instrument Co., Quincy, MA) from a micropipette with a 0.5-to 1-Km opening. The micropipette was positioned 100 Km from the growth cone center at an angle of 45 degrees with respect to the last 10-Km segment of the axon shaft. By this method, stable concentration gradients can be established from the micropipette, and, at a distance of 50 to 100 Km away, the growth cones encounter a concentration approximately 1,000-fold lower than in the pipette (i.e. 0.1 Kg/mL) (21, 22) . The turning assay was performed on preconditionally lesioned DRG cultures at 1 to 3 DIV and on contralateral uninjured DRG controls at 3 to 5 DIV. Only actively extending growth cones (10 Km net growth/60 min) were analyzed. For analysis, the trajectories of the growth cones were traced onto a graph, and the turning angles (degree of turning from the initial trajectory made during the 60-minute exposure to the NGF concentration gradient) were measured. Samples were analyzed statistically using a 1-way analysis of variance (ANOVA) with Dunnett post hoc analysis comparing each experimental condition to the 3-day injured DRGs grown on a laminin substrate.
RESULTS trkA Expression Decreases in the Perikarya of Sensory Neurons After Injury, But Increased Expression Occurs at the Regrowing Axon Tips
Approximately 40% to 45% of adult DRG neurons, primarily the small-and medium-sized nociceptive neurons, express trkA mRNA and protein (23, 24) . To determine whether NGF acts as a guidance factor for regenerating trkAexpressing DRG neurons, we first investigated if there was significant trkA expression in the DRG perikarya and nerve tips after a unilateral lesion of the sciatic nerve at the midthigh level. It has been shown previously that 3 days after this preconditioning lesion, the cultured lumbar DRGs that make up the sciatic nerve (DRGs L4-L6) develop a transcriptional-dependent Bregeneration-like[ mode of growth characterized by rapidly extending long, sparsely branched axons (24, 25) . This is in contrast to cultured DRG neurons that are not subjected to a preconditioning lesion, whose axons have a slow rate of extension and have highly branched neurites.
At 3 days postinjury, we performed quantitative reverse-transcriptase (RT)-PCR and Western blot analysis on the DRG perikarya and sciatic nerve collected both proximal and distal to the transection site. Perikarya of DRG with precondition lesions and sham-injured or uninjured age-matched controls were isolated from their axons, and either a neuron-glial cell suspension or a neuron-purified suspension was collected (see Materials and Methods section). The mRNA or protein was immediately collected (i.e. the cells were not placed into tissue culture); thus, our data reflect the DRG neuron's preexisting in vivo status. The mRNA and protein collected from the proximal nerve stumps, which house the regenerating DRG nerve fibers, and the degenerating axons of the distal nerve stumps were isolated from the entire nerve extracts and therefore contained nonneuronal cells in addition to DRG axons.
Quantitative RT-PCR and Western blot analysis showed the DRG perikarya whose sciatic nerve was preconditionally lesioned had significantly less trkA mRNA and protein compared with DRG cell bodies whose axons had not undergone a sciatic nerve lesion (Fig. 1 , neuronpurified cells: *, p G 0.05; repeated-measure ANOVA with Dunnett post hoc comparison; † , p G 0.001; unpaired, 2-tailed, Student t-test; neuron-glial cells; Fig. 2A, B ; *, p G 0.05; unpaired, 2-tailed, Student t-test). In the uninjured nerve and in the 3-day injured proximal and distal nerve stumps, there was little trkA mRNA found (data not shown; [11] ), suggesting that protein is not translated locally. There was a significant increase in trkA receptor protein levels in the injured proximal stumps of sciatic nerve compared with the uninjured control nerve ( Fig. 2A, B ; *, p G 0.05; repeated-measure ANOVA with Dunnett post hoc comparison). Immunohistochemistry also showed trkA protein expression in a subpopulation of the uninjured DRG perikarya and a decrease in this protein expression in the DRGs whose sciatic nerve was injured 3 days previously (Fig. 3A, B) . Normal uninjured sciatic nerves showed moderate-level trkA protein expression (Fig. 3C) ; however, after nerve injury, there was an increase in trkA protein at the regenerating nerve tip (Fig. 3E) . Colabeling with AIII-tubulin showed trkA expression on the axon and growth cone of the peripheral nerve (Fig. 3F-H) . Low-level trkA expression was observed in the distal nerve stumps containing degenerating sensory axons ( Fig. 2A, B ; *, p G 0.05; repeated-measure ANOVA with Dunnett post hoc comparison; Fig. 3D) .
Collectively, the results indicate that compared with uninjured control, there is a decrease in both trkA mRNA and protein levels in the DRG perikarya after a nerve injury. There is, however, not only maintenance but also an increase in trkA protein expression at the regenerating nerve front.
Based on these data, we postulated that NGF may play a role in peripheral nerve axon guidance after injury.
After Isolation of Adult trkA-Expressing Sensory Neurons, trkA Receptors Are Available for NGF Binding
To study the guidance effects of NGF on trkAexpressing DRG neurons, we first isolated this subpopulation using an approach recently described by Tucker et al (26) . We immunoselected the trkA-expressing neurons by incubating the entire population of DRG neurons with Dynal magnetic beads bound to a mouse immunoglobulin G antibody via a DNA linker; these beads were preabsorbed with mouse monoclonal trkA antibody. Thus, the trkAexpressing DRG neurons bound to the trkA antibody attached to the bead. By introducing a magnet, the trkA-expressing DRG/trkA antibody bead complexes were isolated from the rest of the DRG population. The addition of a DNAsereleasing buffer to the cell suspension isolated the magnetic beads from the trkA-expressing DRG neurons still bound to the trkA antibody.
Because we went on to investigate the guidance effects of NGF on trkA-expressing DRG neurons, it was critical to ascertain whether trkA receptors were biologically available after our isolation process, that is, the trkA receptors might remain bound to mouse trkA antibody and therefore be unavailable for interaction with NGF. To determine if there were free trkA receptor epitopes at the time of our guidance assay (earliest, 1 DIV), we labeled the DRG culture with a red fluorochrome mouse secondary antibody to detect the retained mouse trkA antibody used for cell isolation the previous day. We then incubated these cells with a rabbit polyclonal trkA antibody and a green fluorochrome rabbit secondary antibody to label trkA receptors that were not bound by the mouse trkA antibody and that would therefore be available for NGF ligation. At 1 DIV, we show that there were abundant trkA receptor epitopes free to bind NGF (Fig. 4A, C) ; this receptor was expressed along the entire extent of neurons, including the extending growth cones (Fig. 4A arrow; Fig. 5A ). There was no evidence of the mouse monoclonal trkA antibody used to isolate the trkAexpressing DRG subpopulation (Fig. 4B, C) . The findings are consistent with the expected internalization of the trkA FIGURE 1. Tropomyosin-related kinase A mRNA levels decrease in dorsal root ganglion (DRG) perikarya after a 3-day lesion. At Day 0, the sciatic nerve of adult male rats was lesioned, and after a 3-day injury, the L4/L5 DRGs were removed and placed into either a neuron-glial single-cell suspension or the neuron population was purified. Quantitative reverse-transcriptase-PCR was used to measure the levels of tropomyosin-related kinase A (trkA) mRNA in these DRG neuron perikarya. The relative trkA mRNA expression was standardized against the relative expression of the 18S housekeeping gene. After the preconditioning lesion, there is a dramatic decrease in trkA mRNA expression in the L4/L5 DRG perikarya compared with normal uninjured L4/L5 DRG of both neuron-glial cell and neuron-purified cell suspensions. There was no significant difference in trkA mRNA expression in DRGs from uninjured and sham-injured controls. *, p G 0.05 in repeated-measure analysis of variance with Dunnett post hoc comparison; †, p G 0.001 in unpaired, 2-tailed, Student t-test. Brackets indicate the number of individual samples; error bars represent SEM. receptor that had been bound by antibody during the cell isolation procedure 1 day earlier (27, 28) and the insertion of newly synthesized trkA receptor onto the cell surface.
In summary, we report that both preconditionally lesioned and uninjured trkA-expressing DRGs can be specifically isolated in vitro, and that these neurons have unbound trkA receptor on their cell membrane that can subsequently interact with NGF. The next set of experiments studied the ability of NGF to guide the growth cones of these trkA-expressing cultured DRG neurons.
Specific Conditions Are Required to Evaluate Growth Cone Turning in Adult Neurons
To determine whether regenerating adult DRG neurons can be chemotropically guided during regeneration, we used an in vitro growth cone turning assay (20Y22). In this assay, a stable concentration gradient of a potential guidance molecule is set up on 1 side of an extending growth cone, and its ability to influence the growth cone's trajectory is observed by video microscopy. Although the growth cone turning assay is commonly used in nonmammalian developmental systems, and in 1 study using embryonic rodent hippocampal and cerebellar granule cell neurons (29), it has not been used to study guidance of adult regenerating mammalian neurons. We modified the culture conditions of the classic turning assay used to study guidance of cultured Xenopus commissural neurons to provide a suitable assay for adult rodent sensory neurons. Unlike Xenopus cultures, mammalian neuron cultures are maintained in a 5% carbon dioxide environment at 37-C. The DRG neurons were grown under these normal conditions; however, during the course of the 60-minute assay period, we used L15 medium to sustain a pH of 7.2 and a plate warmer to keep the cultures at 37-C. To encourage at least 10 Km neurite outgrowth during this assay, several supplements were added to the medium; we found that optimal conditions for neurite growth included the FIGURE 3. Tropomyosin-related kinase A (trkA) protein expression is increased in the proximal nerve 3 days after a preconditioning lesion. Tissue sections (14 Km) of (A) an L4/L5 dorsal root ganglion (DRG) without a preconditioning sciatic nerve injury, (B) L4/L5 DRG with a 3-day preconditioning sciatic nerve injury, and longitudinal tissue sections of uninjured sciatic nerve (C), the distal (D), and the proximal nerve stump (E) of 3-day preconditionally transected sciatic nerve. There is a decrease in the number of trkA-expressing DRG neurons after a preconditioning nerve injury (B) compared with control DRGs (A). Uninjured nerve shows moderate trkA protein expression (C), whereas after a nerve injury, there is a robust expression of trkA in the axons of regenerating nerves of the proximal stump (*, E). Degenerating distal axons exhibit a low level of trkA protein expression (D). (F-H) Colabeling with the panaxonal marker AIII tubulin shows the trkA expression is on the axon shaft and the growth cone (arrow). Scale bars = (A-E) 100 Km; (F-H) 50 Km. addition of 0.5% BSA, 1:100 dilution of the N 2 supplement, 0.4 ng/mL NGF, and a laminin substrate. At 60 minutes under these optimal conditions, the preconditionally injured DRG neurons extended their neurites an average of 22.5 T 2.8 Km SEM (n = 15), whereas uninjured DRG neurons grew at an average rate of 16.3 T 1.5 Km SEM (n = 15). These optimal conditions encouraged sufficient neurite extension to allow us to measure the response of previously injured and contralateral control DRG growth cones to NGF. Even under these conditions, not all growth cones extended at least 10 Km during the 60-minute assay period. Previous studies clearly show preconditionally lesioned DRG growth cones grow faster in vitro than those DRG neurons not previously injured (25, 26) . Not surprisingly, therefore, there were fewer growth cones that grew at least 10 Km in the contralateral control group (of 30 growth cones measured, 15 did not grow at least 10 Km) as compared with the preinjured DRG growth cones (of 17 growth cones studied, 2 did not grow at least 10 Km). Including these growth rates into our data analysis showed the previously injured DRG neurons grew statistically significantly faster than the DRG cultures without the preconditioning lesion (p G 0.001; injured DRG average growth rate, 20.7 T 2.7 Km SEM [n = 17]; uninjured DRG average growth rate, 10.7 T 1.3 Km/hour SEM [n = 30]).
Adult Regenerating trkA-Expressing Neurons Can Be Guided by NGF
Similar to the classical developmental growth cone turning assay conditions (30, 31) , the NGF ligand (0.1 mg/mL) or PBS control (data not shown) was expelled from a glass pipette, with an opening of 0.5 to 1 Km at the tip, which was placed 100 Km away from and 45 degrees to the extending growth cone. The growth cone trajectory was recorded over 60 minutes using time-lapse videomicroscopy, with pictures taken every 30 seconds. Because it has been noted that it takes approximately 10 minutes for the concentration gradient to be set up from the pipette tip to the growth cone (30) , any turning observed before this time point was considered to be spontaneous, and these growth cones were not included in the data set.
After a preconditioning lesion, trkA-expressing adult injured DRG neurons have a net attraction of 28.9 T 8.1 degrees SEM (n = 15) toward an NGF gradient (Figs. 5A, 6A, E; Supplementary Video 1), whereas the neurons that were not prelesioned had a net turning of j5.8 T 7.9 degrees SEM (n = 15) ( Fig. 6B, E ; *, p G 0.05, ANOVA, Dunnett post hoc test). PBS carrier placed in the pipette did not have a net guidance effect on either injured or uninjured DRG neurons (data not shown). Collectively, the data indicate that the preconditionally injured DRG neurons grew faster and were attracted toward NGF, whereas the contralateral uninjured DRG neurons did not extend as well and had no net turning response to the NGF.
To determine if this attractive turning response to NGF by the preconditionally injured DRG growth cones was due to NGF interaction with the trkA receptor, we blocked the trkA binding site by adding a trkA antibody (1.4 Kg/mL) to the growth cone assay medium (Fig. 6C) . This trkA antibody recognizes extracellular epitopes critical to the binding of NGF and has been shown to block NGF from binding to the trkA receptor (31) . The presence of the trkA antibody severely impaired the attractive turning response of DRG growth cones toward the pipette (net turning of j11.5 T 10.5 Km SEM; n = 13; Fig. 6C , E; **, p G 0.01; ANOVA, Dunnett post hoc comparison). Interestingly, this particular trkA antibody binds to and activates the intracellular signaling cascade of the trkA receptor (32) . Because trkA signaling promotes axon extension (33Y36), its interaction with an activating antibody likely accounted for the increased axon growth during the 60-minute experiment (36.3 T 4.7 Km SEM) compared with the average growth rate of 22.5 T 2.9 Km SEM for the injured neurons alone (Fig. 6C, F; comparison). Thus, although the trkA antibody blocked the ability of the DRG growth cones to interact with the NGF concentration gradient at the side of the growth cone, the antibody activated the trkA intracellular signaling cascade, increasing overall neurite extension rate. These data indicate that the chemoattractive turning of the preconditionally injured DRG neurons toward the NGF gradient is trkA receptor dependent.
Finally, we determined that the NGF-induced guidance effect on prelesioned DRG neurons is substrate dependent. Previous studies have shown that the culture substrate can affect the turning response of Xenopus retinal ganglion cells and spinal neurons in response to certain guidance cues (6, 37) . In particular, laminin was shown to be an effective modulator of the response of growth cones to guidance cues. Because we initially plated our DRG cultures on a laminin substrate, we further investigated if there would be a different response of growth cones to NGF if the DRG neurons were not plated on laminin. Our results show that preconditionally lesioned DRG neurons grown on the poly-L-lysine substrate alone were not attracted toward the NGF ligand (net turning of j2.3 T 7.1 Km SEM; n = 20; Fig. 6D, E ; *, p G 0.05; ANOVA, Dunnett post hoc comparison), suggesting that laminin is essential for the attractive turning response.
DISCUSSION
There are several key findings in this study. Most importantly, we show that the growth cones of adult mammalian DRG neurons can be guided during axon regeneration. Specifically, we show that in the presence of laminin, NGF can induce attractive turning of these extending axons by interacting with the trkA receptor. This is important because it illustrates that the capability of neurons to be guided is not only a developmental or nonmammalian phenomenon but also provides hope that under specific conditions after nerve injury, greater numbers of axons may be guided back to their appropriate targets to restore nerve function.
trkA Protein Increases at the Regenerating Front of Transected Peripheral Nerves
We showed that trkA mRNA and protein expression are decreased after a preconditioning lesion in peripheral sensory neuron perikarya (Figs. 1, 2, 3B ). In contrast, we observed an increase in trkA protein levels at the regenerating front of the peripheral nerve proximal to site of transection (Figs. 2, 3E ). Immunocytochemistry revealed that trkA protein is localized to both DRG axons and their growth cones (Fig. 3FYH) . These findings reassured us that trkA was available for local signaling despite its downregulation in the perikarya. We did not address whether the specific characteristics of this localization (e.g. greater membrane expression) influence the sensitivity of growth cones to the NGF gradient. Heightened trkA expression in proximal nerve stumps may simply reflect accumulation of the protein through ongoing anterograde transport. Its presence, however, coupled with greatly increased retrograde transport of neurotrophins in the first week postlesion (38, 39) , would likely greatly advantage a regenerating axon as it navigates across the injury site in response to an NGF gradient that is established in the distal nerve stump undergoing Wallerian degeneration (40) . Because our data indicate that injured DRG growth cones express trkA at this regenerating nerve front, it may be possible for NGF to guide these growth cones in vivo.
Preconditioning Is Essential for Increased DRG Neurite Extension and Attraction Toward NGF
Our data show that only the cultured DRG growth cones that were first preconditionally lesioned in vivo attracted toward NGF (Fig. 6A ). This suggests that there is an intrinsic change to the DRG cell bodies after the transection to the sciatic nerve. After a preconditioning lesion, there is a rapid and dramatic change in DRG transcription levels, including the upregulation of growthassociated proteins that include structural proteins necessary for growth cone formation (41) . Nerve growth factor can also mobilize growth-associated mRNAs in the regenerating axon, thereby potentially enhancing growth processes (42) . Other contributing factors include injury-induced increases in adenosine cyclic monophosphate (cAMP) levels that can antagonize expression of the growth inhibitory protein RhoA and permit growth into normally inhospitable environments such as the CNS (43, 44) . Altered intracellular cyclic nucleotide levels have also been implicated in the directed growth of developing Xenopus neurons to guidance molecules (6) . Thus, in the turning assay, the cAMP levels may have differed between previously injured and uninjured DRG growth cones. We speculate that these preconditioning effects coupled with substrate-specific interactions (see succeeding sentences) may explain why NGF had a net chemoattraction only when presented to the prelesioned DRG growth cones.
The Ability of NGF to Cause Different Turning Responses Is Substrate Dependent
Regenerating trkA-expressing DRG growth cones, which were preconditionally lesioned before plating, turned toward the NGF source only in the presence of laminin substrate (Fig. 6A, D) , indicating that the turning effect is substrate dependent. A preconditioning lesion induces elevated expression of key integrins linked to NGF-stimulated outgrowth in adult sensory neurons (45) and may alter the subcellular localization in the preconditioned neurite (46) , thereby enhancing the interaction of the neuron with laminin. Interestingly, Gardiner et al (46) showed that NGF increased the outgrowth of embryonic sensory neurons in the presence of laminin substrate through a combined action of laminin and NGF, which attenuated the levels of the collapsing molecule RhoA within the extending neurites (47) . RhoA guanosine triphosphatases have been shown to regulate the collapse of actin filaments directly (48) , whereas the downstream kinase to RhoA GTPase has been shown to inhibit the embryonic turning of chick sensory neurons to NGF (49) . Thus, it may be possible that in our studies, the presentation of NGF to 1 side of the adult regenerating growth cones inhibits RhoA activity and thus stabilizes the filopodia on that side of the growth cone, thereby causing chemoattraction. In a different study of embryonic Xenopus retinal ganglion cells, laminin regulation of cAMP levels within extending retinal axons alters the growth response to the guidance molecule netrin 1 from attraction to repulsion (38) . Collectively, these data suggest that laminin may change the intracellular state of the regenerating DRG neurons in our assay, thereby allowing a chemoattractive turning response to NGF.
Investigating the Role of Guidance Cues After Adult Nerve Injuries In Vitro
This study focused on the ability of trkA-expressing DRG neurons to be guided by NGF. There are a variety of cultured adult injured neurons that can be tested for directional growth during their attempts to regenerate. For instance, there are several populations of DRG neurons that can be segregated into classes by different receptor or ligand expression, the type of sensory information they are carrying, and the degree of myelination. Tucker et al (28) emphasized the differing signaling requirements for these populations during regeneration. Although we investigated the guidance capability of NGF to trkA-expressing regenerating DRG neurons, many different classes of DRG neurons can be studied in this manner; it would be interesting to investigate whether brain-derived neurotrophic factor or neurotrophin 3 can guide trkB-or trkC-expressing DRG neurons, respectively (9) . In addition to trk-expressing homodimers, neurotrophins can bind alone to the low-affinity p75 receptor and to the high-affinity p75/trk heterodimers (50Y52). Therefore, different receptor combinations such as trkA/trkA, trkA/p75 dimers, or p75 monomers may respond differently to the guidance cue NGF, although for developing chick sensory neurons, this response seems to be a trkA-dependent phenomenon (10) .
Our study showed that not all preconditionally injured trkA-expressing DRG growth cones turned toward the NGF source (Fig. 6A ). This suggests subcategories of NGFresponsive neurons within the trkA subpopulation, as we have previously postulated due to extensive degree of overlap in expression in the trks in adult sensory lumbar sensory neurons (53, 54) . Further studies may tease out the intricacies of growth cone guidance in different DRG populations that may be essential for functional nerve recovery in the future.
Investigating the Role of Guidance Cues During Neuron Regeneration In Vivo
An inflammatory response in the peripheral nervous system is critical to remove products of Wallerian degeneration distal to the injury site; however, byproducts of inflammation such as fibrosis scar formation in peripheral nerves hinders this regeneration (55, 56) . After nerve injury, the ability to steer these axons around such barriers and toward their appropriate target may prove essential for functional regeneration. In the peripheral nervous system, regenerating axons can become misguided and never reach their intended target. We have shown that in vivo regenerating peripheral axons can inappropriately turn back upon themselves, forming Bwrong-way axons,[ and grow toward the proximal nerve stump (4) . Pathologic specimens of damaged human peripheral nerves, originally described by Lyons and Woodhall (57) , highlight the permanent burden associated with axons that are misdirected. Ideally, the presence of chemorepulsive guidance molecules proximal to the nerve injury can Bpush[ the regenerating axons distally, and chemoattractive molecules at the distal part of the injury site may Bpull[ these axons toward it.
In summary, this study provides evidence that regenerating mammalian neurons can be guided in vitro and seem to be primed to do so in vivo by mobilizing receptors to the growing axon front. Specifically, we show that NGF can guide trkA-expressing DRG neurons. This novel finding may lead to the investigation of many potential guidance molecules in vitro, which may translate into guidance of regenerating axons of the peripheral and central nervous systems in vivo.
